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Fluorinated Carboxylic Acids as Powerful Building Blocks for the 
Formation of Bimolecular Monolayers
Harry Pinfold, a Christopher Greenland,a Graham Pattison‡a and Giovanni Costantini*a 
We compare the ability of a prototypical dicarboxylic acid and its 
fluorinated analogue to act as molecular building blocks for the 
formation of self-assembled monolayers. Whilst fluorination is 
found to prevent homomolecular self-assembly, it greatly increases 
the ability of the carboxylic acid to act as a hydrogen bond donor 
for the formation of bimolecular networks.
Lateral intermolecular interactions between surface-adsorbed 
molecules play an essential role in driving the formation of 
self-assembled monolayers. A range of different interactions 
have been exploited for this purpose, including hydrogen 
bonds,1–4 van der Waals interactions5 and metal-organic 
coordination6. Of these, hydrogen bonds are perhaps the most 
extensively utilised. Their strength and directional nature can 
be used for the formation of stable networks with relatively 
predictable morphologies.
Carboxylic acids are widely employed as building blocks for 
the fabrication of hydrogen-bond-driven self-assembled 
monolayers.3,4 A significant proportion of such networks are 
homomolecular systems in which the carboxyl groups of 
adjacent molecules interact via  hydrogen bonds. This R22(8)
simple, robust motif has been exhaustively studied in 
surface-confined supramolecular chemistry. Comparatively 
little attention has been directed towards to the use of 
carboxylic acid building blocks as hydrogen bond donors for the 
formation of bimolecular networks. By pairing a carboxylic acid 
with an appropriate hydrogen bond acceptor, it is possible to 
form bimolecular systems based on straightforward hydrogen 
bond donor-acceptor interactions. Although such systems have 
been reported,7–13 the number of studies is sparse. This is likely 
because their reliable fabrication requires that the stability of 
the two-component assembly exceeds that of the 
homomolecular assembly of either of the individual 
components. This criterion can be difficult to fulfil when using 
carboxylic acids as hydrogen bond donors due to their 
propensity to self-assemble into homomolecular networks via 
 hydrogen bonds. Furthermore, additional challenges are R22(8)
encountered when experiments are conducted at the 
solid-liquid interface. Since the solvents used are often 
carboxylic acids themselves, the solvent molecules can compete 
for hydrogen bond acceptor sites and prevent the formation of 
the desired bimolecular network. An ideal carboxylic acid 
building block should thus be a strong enough hydrogen bond 
donor to form stable networks and outcompete solvent 
molecules whilst not being inclined towards stable 
homomolecular self-assembly.
Here we explore fluorination as a potential route towards 
circumventing the issues associated with using carboxylic acids 
to form bimolecular networks. Peripheral fluorination of planar 
molecules has previously been shown to disfavour on-surface 
homomolecular assembly due to the electrostatic repulsion 
between the fluorine atoms.14,15 At the same time, fluorine 
atoms are highly electron withdrawing and, as such, can 
increase the hydrogen bond donor strength of neighbouring 
functional groups. It has previously been demonstrated that 
fluorinated compounds, including alcohols16–20 and carboxylic 
acids20,21, can form particularly strong hydrogen bonds. These 
two complementary properties could allow fluorinated 
carboxylic acids to act as strong hydrogen bond donors which 
are less likely to form homomolecular networks than their 
unfluorinated counterparts. Furthermore, the 
electron-withdrawing influence of the fluorine atoms may also 
decrease the hydrogen bond acceptor ability of carboxylic acids. 
This should make their carboxyl groups less competitive as 
hydrogen bond acceptor sites, thereby favouring the formation 
of bimolecular networks when a fluorinated carboxylic acid is 
paired with a potential hydrogen bond acceptor. 
In order to test these ideas, we have performed a 
comparative study on the self-assembly behaviour of a simple 
aromatic dicarboxylic acid (TPA, Fig. 1) and its fluorinated 
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analogue (F4TPA, Fig. 1) using scanning tunnelling microscopy 
(STM) operated at the solid-liquid interface. Our results show 
that while TPA readily self-assembles into extended 2D 
networks, fluorination prevents the homomolecular 
self-assembly of F4TPA. Moreover, we demonstrate that F4TPA 
is a superior building block to TPA for the formation of 
bimolecular networks when coupled with a range of hydrogen 
bond acceptors.
TPA is a prototypical molecule used to study 
hydrogen-bond-controlled self-assembly, and its ability to form 
ordered homomolecular monolayers is well known.22–33 As the 
homomolecular self-assembly of TPA (Fig. S1 and Fig. S2) has 
been extensively studied at the heptanoic acid/highly oriented 
pyrolytic graphite (HOPG)  interface,22–25 we decided to 
investigate the assembly of F4TPA at the same interface. 
However, despite multiple attempts performed with a range of 
different solution concentrations, we never observed any 
evidence for the homomolecular self-assembly of F4TPA (see 
ESI†).  We ascribe this to electrostatic repulsion between the 
fluorine atoms preventing close packing of the F4TPA 
molecules. This effect has previously been reported for other 
surface-adsorbed fluorinated molecules.14,15
We then proceeded to test the relative ability of TPA and 
F4TPA to act as hydrogen bond donors in bimolecular systems. 
Both molecules were mixed with a range of hydrogen bond 
acceptors and the formation of bimolecular networks was 
examined via STM. The three tripyridyltriazine isomers shown 
in Fig. 1 (2TPTZ, 3TPTZ and 4TPTZ) were employed as acceptors 
as their pyridyl nitrogen atoms are expected to be strong 
hydrogen bond acceptor sites. As is shown in the ESI†, in the 
absence of either F4TPA or TPA, both 2TPTZ (Fig. S3 and Fig. S4) 
and 3TPTZ (Fig. S6 and Fig. S7) self-assemble at the heptanoic 
acid/HOPG interface, whereas there was no evidence for the 
self-assembly of 4TPTZ.
Of the three acceptors tested, 4TPTZ is unique as it is the 
only one able to form bimolecular networks with TPA. As is 
described in the ESI†, when solutions containing both TPA and 
either 2TPTZ or 3TPTZ were used, the only ordered networks 
that could be observed were those corresponding to the 
homomolecular assemblies of the individual components. 
Kampschulte et al. previously demonstrated that TPA and 4TPTZ 
coassemble at the heptanoic acid/HOPG interface.10 Our 
measurements confirm this result, revealing the formation of 
extended domains of a bimolecular network (Fig. S14). 
High-resolution STM images, such as Fig. 2a, can be used to 
elucidate the structure of the assembly (the proposed model is 
given in Fig. 2b). One of the three pyridyl nitrogen atoms in each 
4TPTZ molecule interacts with a TPA molecule via an 
O−H⋯N(pyridyl) hydrogen bond, and the TPA molecules bridge 
two 4TPTZ molecules via these interactions. Secondary C−H⋯O 
and C−H⋯N(pyridyl) interactions may also contribute towards 
stabilising the assembly.
Given the failure of TPA to act as a reliable hydrogen bond 
donor with two of the three acceptors, we tested the 
performance of F4TPA. Unlike with TPA, we were able to 
fabricate bimolecular networks by combining 2TPTZ with F4TPA 
(Fig. S15). The structural details of the assembly are revealed by 
high-resolution STM images such as Fig. 3a. The proposed 
model is given in Fig. 3b. It should be noted that the 2TPTZ 
molecules can adopt two distinct conformations, one in which 
all three pyridyl rings are orientated in the same direction and 
another in which one of the pyridyl rings is flipped such that it 
is  orientated in the opposite way relative to the other two (see 
Fig. S12). The conformation of the individual molecules cannot 
be identified in the STM images, but DFT calculations (see ESI†) 
show that the threefold-symmetric conformation is more stable 
than the alternate conformation by 12.2 kJ/mol. Therefore, we 
Fig. 1 Structures of the molecular building blocks used within this study: 
terephthalic acid (TPA), tetrafluoroterephthalic acid (F4TPA), 2,4,6-tri(2-pyridyl)-s-
triazine (2TPTZ), 2,4,6-tri(3-pyridyl)-s-triazine (3TPTZ) and 2,4,6-tri(4-pyridyl)-s-
triazine (4TPTZ).
Fig. 2 (a) STM image showing the bimolecular assembly of TPA and 4TPTZ at the 
heptanoic acid/HOPG interface. The assembly contains a TPA:4TPTZ ratio of 1:2. 
Tunnelling parameters: Vbias = −1.2 V, Iset = 50 pA. Unit cell parameters: a = 2.7 ± 0.2 
nm, b = 3.0 ± 0.2 nm, angle 90 ± 3°. Scale bar = 3 nm. (b) Proposed model for the 
assembly. This assembly was first reported in reference 10.
Fig. 3 (a) STM image showing the bimolecular assembly of F4TPA and 2TPTZ at the 
heptanoic acid/HOPG interface. The assembly contains a F4TPA:2TPTZ ratio of 1:1. 
Tunnelling parameters: Vbias = −1.1 V, Iset = 60 pA. Unit cell parameters: a = 1.3 ± 0.1 
nm, b = 2.9 ± 0.2 nm, angle 90 ± 3°. Scale bar = 3 nm. (b) Proposed model for the 
assembly.
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expect that the 2TPTZ molecules within the assembly adopt the 
high-symmetry conformation, which is consistent with previous 
studies.34 The F4TPA molecules are positioned such that they 
can interact with the 2TPTZ molecules via O−H⋯N(pyridyl) 
hydrogen bonds. Two of the three pyridyl nitrogen atoms in 
each 2TPTZ molecule partake in these interactions. Additional 
C−H⋯O and C−H⋯F interactions also likely stabilise the 
assembly.
The results obtained when using 3TPTZ as a hydrogen bond 
acceptor are comparable to those obtained with 2TPTZ: again, 
F4TPA succeeds at forming bimolecular networks (Fig. S16) 
where TPA fails. Fig. 4a shows a high-resolution STM image of 
the assembly in which both species can be clearly resolved. The 
F4TPA molecules are positioned such that each can interact 
with two 3TPTZ molecules via O−H⋯N(pyridyl) hydrogen bonds. 
Similarly to 2TPTZ, 3TPTZ can also adopt two distinct planar 
conformations (Fig. S13). In this case, the threefold-symmetric 
conformation was found to be only 0.9 kJ/mol more stable than 
the alternate conformation (see ESI†). As this energy difference 
is smaller than thermal energy, either conformation could be 
present. However, in order to maximise the number of 
favourable O−H⋯N(pyridyl) interactions, the 3TPTZ molecules 
are required to be in their non-threefold-symmetric 
conformation; therefore, we expect that this is the 
conformation of the 3TPTZ molecules within the assembly.  Two 
of the pyridyl nitrogen atoms in each 3TPTZ molecule partake in 
these interactions. C−H⋯F, C−H⋯O and C−H⋯N(pyridyl) 
interactions may also contribute towards stabilising the 
assembly. The proposed model is given in Fig. 4b.
Finally, although neither of the individual components form 
self-assembled monolayers in isolation, bimolecular networks 
of F4TPA and 4TPTZ could be formed (see Fig. S17 and Fig. 5). 
Strikingly, the resulting coassembly is characterised by lattice 
parameters that are identical to those of the network formed 
between TPA and 4TPTZ.  In fact, high-resolution STM images 
reveal that the two bimolecular networks are isostructural 
(compare Fig. 2 and Fig. 5). The interactions between the 
molecules within the two assemblies are analogous.  However, 
in the F4TPA/4TPTZ case there may also be an additional 
stabilising contribution from C−H⋯F interactions.  The fact that 
isostructural networks can be formed when either TPA or F4TPA 
are employed as hydrogen bond donors reflects the minimal 
steric impact associated with exchanging hydrogen for fluorine. 
This well-known property, extensively utilised in bioorganic 
chemistry35, has also previously been observed in 
self-assembled monolayers36.
Of the three potential hydrogen bond acceptors, only 4TPTZ 
was observed to coassemble with TPA, whilst all three form 
bimolecular networks with F4TPA. This clearly demonstrates 
that F4TPA is the superior building block in these bimolecular 
systems. However, precisely understanding the mechanism for 
this remains challenging. The difference in the adsorption 
energies of these two similarly sized small molecules is 
expected to be minimal. Additionally, no significant difference 
in the solubility of the two molecules was observed. Hence, 
these factors are unlikely to be the origin of the superior 
performance of F4TPA. The clearest difference between the two 
molecules appears to be the intermolecular interactions in 
which they can partake. We expect that the electron-
withdrawing influence of the fluorine atoms may allow F4TPA 
to form stronger O−H⋯N(pyridyl) hydrogen bonds with the 
acceptors when compared to TPA. Furthermore, F4TPA can 
engage in additional C−H⋯F interactions which may also 
stabilise the assemblies. Although C−H⋯F interactions are 
typically quite weak, they have been shown to play a significant 
role in other monolayer systems37–40. Additionally, we cannot 
eliminate the possibility that there may be a significant ionic 
contribution stabilising the assemblies formed with F4TPA. Due 
to the acidity of F4TPA, proton transfer to the acceptors may 
occur to some extent. This could result in the acceptors 
interacting with the F4TPA molecules via O−⋯H−N+(pyridinium) 
salt bridges rather than simple O−H⋯N(pyridyl) hydrogen 
bonds. As the acidity of TPA is expected to be significantly lower 
than that of F4TPA, TPA may be unable to form such salt 
bridges. Although the relative importance of these different 
factors remains unclear, it is evident that the net interaction 
between the acceptors and F4TPA likely exceeds that of TPA. 
Further theoretical exploration is required to fully understand 
the improved performance of F4TPA.
In conclusion, we have demonstrated that fluorination can 
significantly modify the on-surface self-assembly behaviour of 
carboxylic acids. Whilst peripheral fluorination was found to 
prevent homomolecular self-assembly, it was shown to be 
advantageous in the construction of bimolecular networks. We 
Fig. 4 (a) STM image showing the bimolecular assembly of F4TPA and 3TPTZ at the 
heptanoic acid/HOPG interface. The assembly contains a F4TPA:3TPTZ ratio of 1:1.   
Tunnelling parameters: Vbias = −1.2 V, Iset = 50 pA. Unit cell parameters: a = 2.0 ± 0.2 
nm, b = 4.3 ± 0.3 nm, angle 90 ± 3°. Scale bar = 3 nm. (b) Proposed model for the 
assembly.
Fig. 5 (a) STM image showing the bimolecular assembly of F4TPA and 4TPTZ at the 
heptanoic acid/HOPG interface. The assembly contains a F4TPA:4TPTZ ratio of 1:2.   
Tunnelling parameters: Vbias = −1.1 V, Iset = 80 pA. Unit cell parameters: a = 2.7 ± 0.2 
nm, b = 3.0 ± 0.2 nm, angle 90 ± 3°. Scale bar = 3 nm. (b) Proposed model for the 
assembly.
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expect that this approach can be used for the successful 
fabrication of stable bimolecular networks in instances where 
unfluorinated carboxylic acids are insufficient. This might be 
particularly relevant in cases where the homomolecular 
self-assembly of the carboxylic acid is found to outcompete the 
formation of bimolecular networks.
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